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ABSTRACT
Translation of a popular article on MOND vs. dark matter that appeared, in Hebrew, in
the Israeli magazine Odyssea, dedicated to “thoughts and ideas in the forefront of science and
philosophy”.
1. Introduction
A bizar world picture emerges when we inter-
pret observations of our universe by the theories of
Newton and Einstein. According to this picture–
embraced by most physicists–only a small fraction
of the material content of the universe is made of
“luminous” or “visible” matter: the kind of matter
familiar to us all, which can be “seen” using var-
ious astronomical auxiliaries, of which are made,
for instance, stars, gas clouds, and planets. The
standard, accepted wisdom, anchored in Newto-
nian and Einsteinian dynamics, forces us to invoke
two additional “dark” components, which make up
the lion share: “dark matter” and “dark energy”.
These are invisible components that differ from
each other substantially, but the nature of either
is still a mystery.
In opposition, a cohort of astrophysicists and
physicists, with me in their number, hold the view
that there is no need for “dark” components in
the universe; the “visible matter” suffices. How-
ever, interpreting the observations requires the in-
troduction of a new theory of dynamics, which I
proposed some thirty years ago under the name of
“MOND” (for “modified Newtonian dynamics”).
This theory differs materially from those of New-
ton and Einstein, especially when applied to cos-
mological phenomena: from individual galaxies to
the universe at large.
These two paradigm are locked in a mortal com-
bat, with most astrophysicists putting on MOND
the odds David had been given against Goliath.
The laws of dynamics embody the laws of grav-
ity and of inertia. They describe, e.g., how a body
moves under the gravitational influence of other
bodies in a given system: For example, how plan-
ets move in aggregates like the solar system, how
stars and gas clouds move under the gravitational
influence of a galaxy they reside in, how galaxies
move in clusters of galaxies, and indeed, how the
universe, as a whole, develops under its own grav-
ity. Newton’s dynamics ruled supreme for abut
250 years, until the beginning of the 20th century.
Then, in two separate moves, the theory of dynam-
ics was improved and changed unrecognizably.
In one move, led mainly by Einstein, Newton’s
theory was replaced by relativity, first the spe-
cial, then the general. Einstein’s dynamics de-
parts greatly from Newton’s in phenomena involv-
ing motions close to the speed of light, and when
gravitational energies for a unit mass are high.
In another move, started by Max Planck, and
later led by many physicists, Newtonian dynam-
ics was replaced by quantum theory, which holds
sway primarily for microscopic phenomena. De-
spite much effort by many researchers we do not
yet have a full fledged and complete theory, one
that would replace Newton’s theory in describing
phenomena in which both departures from this
theory are important. This fact always reminds
us that we are a far cry from a complete under-
standing of our universe.
MOND proposes to modify dynamics in yet
another domain of phenomena, not accessible to
physicists in earlier generations.
2. The puzzle of the mass discrepancy
When interpreting the observations in astro-
physics and cosmology, one employs Newtonian
dynamics and Einsteinian dynamics, according to
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the problem at hand (quantum theory is not rele-
vant for the description of the phenomena we deal
with here). The relevant analysis of galaxy dy-
namics is generally performed in two steps (a more
detailed example will be given below): First, one
uses the laws of dynamics to calculate the veloci-
ties of stars and gas clouds in a given galaxy. The
calculation is based on the gravity of only the vis-
ible matter–visible by whatever astronomical tool
is available, such as optical, radio, or x-ray tele-
scopes. This is the only kind of matter whose ex-
istence is certain. It is made up of electrons, pro-
ton, atoms, and other known particles. The calcu-
lated velocities are such that they have to balance
gravity exactly, so that constituents of a galaxy
would neither escape from it, if the velocities are
too high, nor collapse, if they are too small.
In the second stage of the test, after these bal-
ancing speeds are calculated, they are compared
with the speeds that are actually measured in the
galaxy under study. Then, a striking fact is re-
vealed: The standard dynamics fail this test miser-
ably: the calculated speeds fall much shorter of the
measured ones. In other words, according to the
standard dynamics, the gravity provided by the
visible matter is much too weak to arrest the es-
cape of most parts of the galaxy from escaping and
dispersing into space, hence leading to the quick
dismantling of the galaxy. This is unacceptable
since galaxies are known to be long lived. This
conundrum appears in all galaxies, in cluster of
galaxies, in super clusters, and even when the evo-
lution of the universe at large is considered. This
glaring discrepancy between predictions and mea-
surements is called “the mass discrepancy”: the
mass of the visible matter is much too small to
balance the inertial forces indicated by the mea-
sured speeds.
3. Enter dark matter
Most scientists think that we should cleave to
the standard laws of dynamics, despite the mass
discrepancy. The disagreement between theory
and observations is then explained away by assum-
ing that galaxies and galactic systems are pop-
ulated by large quantities of dark matter (DM):
matter that is not yet visible directly by any of our
instruments. This is matter whose exact compo-
sition is not even known yet. We know, however,
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Fig. 1.— The acceleration (the force acting on a
unit mass) felt by a small body (e.g., a planet), as a
function of its distance from a concentrated, mas-
sive body (e.g., a star like the sun), according to
Newton’s laws (dashed) and according to MOND
(continuous). The blue lines correspond to an at-
tractive mass four times more massive than in the
red lines. We see that MOND departs from New-
tonian laws always below the same acceleration,
a0; this happens at different distances for different
masses. We also see that the MOND acceleration
never fall below the Newtonian one, for a given
mass.
Fig. 2.— A disc galaxy, such as those for which
one measures rotation curves, from which the most
clear-cut evidence for MOND emerges.
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for various reasons, that most of it cannot be made
of any of the known forms of matter. This extra
matter augments gravitational forces, and hence
could bridge the mass discrepancy.
According to this hypothesis, in every galaxy,
the DM is present in the appropriate amounts and
right distribution in space, to explain the observed
gap between the calculated and observed veloci-
ties. The amount of DM required for this purpose,
in a typical galaxy, can be tens of times larger
than that of the standard, luminous matter. All
in all, in the universe at large, one needs about
five times more DM than luminous matter. Much
of either is not locked in galaxies, but dispersed
somehow in the inter-galactic space. In fact, most
of the standard, potentially luminous, matter, be-
lieved to exist in the universe, is itself not really
luminous, but lurks in hiding somewhere. While
this still unseen lion share of standard matter is
also DM of a sort, it cannot constitute THE DM,
since its total amount falls much shorter of what
is needed, and also, its properties are not what is
required from the DM.
Another puzzle has emerged in recent years,
which on the face of it is unrelated to that of the
mass discrepancy: We have known for eighty odd
years that our visible universe is expanding. This
is indicated by the fact that the objects that stud
the universe (e.g., galaxies) are observed to con-
tinually recede from each other. From this it is
deduced that our part of the universe started its
life in a most compact state, known as the “big
bang”.
Until not so many years ago, we had all believed
that the expansion of the universe is decelerating.
The question remaining had been, then, whether
the expansion will continue forever at an ever slow-
ing rate, or will halt and reverse into contraction
at some point in the future. This belief was based
on preconceptions, not on observations: since the
evolution of the universe is governed by its self-
gravity, and since gravity can only attract, it fol-
lows that the expansion can only slow down. To
most people’s surprise, the expansion was found
to accelerate (the recent Nobel prize went for this
discovery). Here again, an expectation of the
standard dynamics has been refuted. To explain
this anomaly, many scientists have invoked a new
“dark” entity, namely, “dark energy”, whose best
known property is, arguably, its name. It can-
not be made of any kind of matter of standard
properties, because such matter (dark or not) can
only attract, and thus cause deceleration. Even
though the puzzle of the “dark energy” is con-
sidered by many the most disturbing conundrum
in physics today, I shall not enlarge here on this
aspect of what has been called “the preposterous
universe”. This universe’s material content is pur-
ported to be made up from about five percent “lu-
minous matter”, about twenty percent DM, and
about seventy-five percent “dark energy”.
The working hypothesis of many physicists to-
day is that the DM is made of elementary parti-
cles, whose existence has not been confirmed in the
laboratory; it is only suggested by various theories
that strive to extend the “standard model” of ele-
mentary particles. (In the past, there had been
other favorite constituents of the putative DM,
but they have been excluded in different ways.)
If this working hypothesis is correct, then per-
haps we can discover these DM particles directly
on Earth: Our galaxy, as all others, is purport-
edly bathed in a halo of DM particles, and these
are supposed to be everywhere, including Earth,
our bodies, and our laboratories. These particles
interact only very weakly with matter, and they
easily penetrate most objects. It might then be
possible to detect them by their rare interaction
with the atoms of standard matter. There is a
number of ongoing experiments to do this that em-
ploy specially designed detectors in underground
laboratories. Much efforts have been put into such
endeavors for over ten years now.
4. Enter MOND
In the early eighties of the last century, it oc-
curred to me that the omnipresent mass discrep-
ancy might be due to another cause, not to the
presence of DM (the need for “dark energy” was
not known then): One finds a discrepancy because
one insists on applying the accepted laws of nature
to systems like galaxies. Such insistence is not nec-
essarily justified, because these laws have been dis-
tilled from studies of “local”, small systems, such
as laboratory aparati, or the solar system. It is
possible that these laws, which do apply very ac-
curately under such local conditions, do not apply
to galactic systems. These latter are very differ-
ent from the former in many regards; so, I thought
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that it might be possible to attribute considerable
departures from the standard laws to such differ-
ences.
Is it possible, then, to forgo DM, and formulate
a new theory of dynamics by which the expected
motions in galaxies will agree with the observa-
tions? In other words, is there such a theory by
which the conventional, luminous matter, alone,
provides enough gravity to fully counterbalance
the observed motions, with no need for extra DM?
Such a theory is also required to coincide with the
standard dynamics under the conditions that pre-
vail in the laboratory and the solar system, so as
to retain the latter’s successes there. And, indeed,
after trying several blind alleys, I found an initial
formulation of such a theory, whose basic tenets
are as follows:
1. What distinguishes between galactic sys-
tems, on one hand, and the solar system, for ex-
ample, on the other, is the characteristic acceler-
ations found in these systems. The acceleration is
the key property, on which hangs the difference be-
tween the standard dynamics and the new theory,
which I dubbed MOND (for Modified Newtonian
Dynamics). The acceleration measures the rate of
change of velocities in the system; it is the direct
measure of the gravitational forces in the system.
The accelerations in galactic systems are many or-
ders of magnitude smaller than those of planets
in the solar system. For example, the accelera-
tion of the sun, as a typical star, in its motion
around our Milky-Way galaxy, is a hundred mil-
lion times smaller than the acceleration of Earth
as it goes around the sun, and a hundred billion
times smaller than the acceleration of an object
falling freely on Earth.
2. MOND introduces into physics a new con-
stant of nature, with the dimensions of acceler-
ation, a0. This constant plays different roles in
the new dynamics. First, a0 marks the bound-
ary of the domain of validity of the standard dy-
namics (Newton’s and Einstein’s): in systems in
which the accelerations are much larger than a0,
such as the solar system, standard dynamics is a
very good approximation to MOND (increasingly
so, the higher the acceleration). In contradistinc-
tion, MOND departs considerably from the stan-
dard dynamics when the accelerations are smaller
than a0, as in large regions of galaxies, for exam-
ple. In fact, a0 disappears from the description of
physics at high accelerations, while for physics at
low accelerations, a0 appears in full force. And so,
the stamp of a0 is predicted to appear–and is in-
deed seen–in many disparate galactic phenomena
and regularities. These ubiquitous appearance of
a0 in seemingly unrelated contexts, does not have
an explanation without the unifying framework of
MOND.
Such roles of a0 are reminiscent of the different
roles that Planck’s constant h plays in quantum
theory, or the speed of light, c, plays in relativ-
ity. Like a0, they each mark a borderline, beyond
which one has to use the modified dynamics they
each represent. And, like a0, they each appear in
a variety of phenomena and regularities that come
into play beyond this borderline; phenomena that
are connected together only by the improved dy-
namics.
In light of this, I have gained confidence, and
drawn comfort, from the fact that laws of nature
that had been accepted for centuries (Newton’s
laws) have already been subject to far-reaching
amendments, when they failed to describe phe-
nomena outside the realm in which they had been
crystalized and tested before. Such an observa-
tion, in itself, must not instigate us to embrace
freely various “revolutionary” ideas that are pro-
pounded all too often. But when there are cogent
reasons for doing so, one can draw encouragements
from such precedents.
5. MOND predictions and their observa-
tional tests
How, then, does MOND differ from the New-
tonian dynamics when the characteristic acceler-
ations in a system are smaller than a0? A de-
tailed description of the theory would be out of
place here, but I’ll draw a caricature that encap-
sulates its salient properties. According to the
Newtonian dynamics, a small object–a planet for
example–at a distanceR from a large mass,M–the
sun, for example–is subject to an acceleration, a,
that is proportional to M , and is inversely propor-
tional to the square of the distance–we write this
as a = GM/R2. MOND decrees that if the accel-
eration obtained from this relation is much larger
than a0, then this relation still holds to a good
accuracy (the larger the acceleration the better
the accuracy). In other words, MOND and New-
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tonian dynamics agree in their predictions when
the calculated acceleration is much larger than
a0. However, if the acceleration is much smaller
than a0 we have to use another calculation for
the acceleration felt by the body: Now the ac-
celeration dictated by MOND is proportional to
the square root of the mass, and inversely propor-
tional to the distance itself, not its square. We
then write a =
√
a0G
√
M/R. In between the two
extreme limits there is a gradual transition be-
tween the two domains, described by the detailed
theory. A schematic depiction of the Newtonian
and the MOND laws is shown in Figure 1, for two
values of the mass M .
The main point to be gleaned from this succinct
description is this: In the domain of small accel-
erations, the acceleration predicted by MOND is
larger than that predicted by Newtonian dynam-
ics, and the smaller the acceleration the larger the
gap between the predictions. This fact stands
in the basis of the MOND explanation of the
mass discrepancy: the luminous mass alone sub-
ject bodies in its vicinity to accelerations that are
larger–sometimes much larger–than those calcu-
lated from Newtonian dynamics. Gravity is thus
enhanced (over its Newtonian strength) by the
theory itself, with no need for extra (dark) matter.
And so MOND bridges the mass gap.
This simplistic statement is not the end of it, of
course. The relevant observations pertain to hun-
dreds of systems of very different attributes, such
as masses, sizes, and shapes. Furthermore, each
such system, in itself, is a cosmos in miniature
that presents to us a complex picture of mass dis-
crepancies: Not just one number that represents
some global mass discrepancy for the system, but
some distribution of mass discrepancies in the sys-
tem. In other words, what we observe is not just
the total luminous mass of the system, but its dis-
tribution, and what we calculate is not just the
total mass required in the system, but its distri-
bution; and the distributions disagree with each
other in different ways at different locations in the
system. So, a theory like MOND has to deal with,
and account for, a wide variety of systems, and ex-
plain each of them in detail, without DM. We have
no leeway in this game, apart for some remain-
ing uncertainties in the astronomical observations
themselves.
Contrary to this very restrictive game for
MOND, the DM hypothesis leaves us much free-
dom when we come to account for the mass dis-
crepancy in a given system. There is no a priori
commitment, no prediction, of how much DM
there should be in a given galaxy, and of how it
should be distributed. By this hypothesis we sim-
ply assume that what is needed is what is there.
In light of this, the performance of MOND in ac-
counting for galaxy dynamics are so impressive,
especially that when MOND was propounded we
had only a very small fraction of the observations
we now have, and which MOND had predicted.
MOND predictions, listed in the first papers,
published in 1983, were later vindicated one by
one (with one fly in the ointment, to be discussed
below), including a detailed account of the veloc-
ity distribution in hundreds of galaxies. Also con-
firmed were universal laws predicted by MOND
that galaxy properties should obey: laws that are
partly analog to the laws of planetary motions,
but which differ from Kepler’s laws (which follow
from Newtonian dynamics).
Take, for instance, the crucial analysis of so
called “rotation curves” of galaxies, arguably, the
most clear-cut evidence for the mass discrepancy.
A large fraction of the galaxies in the universe to-
day are so called “disc galaxies”–galaxies whose
main component is a flat, thin, circular disc, made
of gas and stars moving in circles of different radii
around the galaxy (see Figure 2). The rotation
curve describes the rotational speed of the stars
and gas as a function of their distance from the
center of the galaxy. To analyze this facet of
galaxy dynamics, one first measures the observed
distribution of luminous matter in a galaxy; from
it, one calculates the galaxy’s gravitational field
according to Newton’s laws. From this one cal-
culates the expected rotational speed at each ra-
dius (by equating the gravitational force to the
centrifugal force at each radius–the two have to
balance). This gives us the rotation curve of the
particular galaxy as it is predicted by standard
dynamics. In Figure 3 we see, as an example, a
rotation curve calculated in this way for a galaxy
named NGC 1560 from Newton’s laws assuming
the presence of only the luminous matter (in blue).
The figure also shows the rotation curve that was
actually measured. We see that it differs greatly
from what is predicted. The discrepancy between
the velocities become as high as a factor of 2.5,
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which bespeaks a mass discrepancy of about a fac-
tor of 6 (masses go as the square of the velocities).
In the framework of the DM paradigm, this means
that within the observed region we need about six
times more mass in the galaxy than is actually ob-
served as luminous matter (from models, the dis-
crepancy even increases beyond the radii depicted
in the figure).
In distinction, the green line shows the predic-
tion of MOND for this galaxy, again, assuming the
presence of only the observed, luminous matter.
This is an absolute and unavoidable prediction,
with hardly any leeway, except for some uncertain-
ties in the astronomical parameter that were used
(for example, the exact distance to the galaxy).
The figure speaks for itself, as we see that MOND
predicts even the finer variations in the measured
curve. This picture repeats itself in over a hundred
galaxies.
As already mentioned, beyond the predictions
concerning individual galaxies, such as the predic-
tion of rotation curves, MOND predicts general
laws of galactic dynamics. For example, MOND
predicted that for every galaxy, the rotational
speed should become independent of the orbital
radius for large radii, as indeed was found to be
the case (as we see in Figure 3 happens for NGC
1560). Another such predicted law is that the total
luminous mass in a galaxy should be proportional
to the fourth power of this asymptotically con-
stant rotational speed. Kepler’s laws, which rest
on Newtonian dynamics, predict other behaviors:
that the rotational speed should decline indefi-
nitely with increasing radius, and that the mass
should be proportional to the second power of the
speed. This indeed happens with planetary mo-
tions in the solar system, but is in stark contrast
to what we see in galaxies.
This last-mentioned prediction of MOND has
received a particularly acute confirmation in the
work of the American astronomer Stacy McGaugh
from the University of Maryland published last
year. An example of such a test of the MOND
prediction is shown if Figure 4.
Regarding the historical development of the
MOND paradigm, the first version of MOND was
rather primitive in some regards, and its ensuing
development is an interesting saga, for which I
have little room here. Over the years, MOND was
improved in different ways, but all its versions to
date have been based on the same basic tenets,
from which alone follow the salient predictions al-
luded to above. For this reason, practically all ex-
isting versions share these salient predictions, but
they do differ among themselves in the predictions
of more subtle phenomena.
For example, the early versions described only
non-relativistic phenomena. But over the years
relativistic versions have been worked out (taking
into account some principles that we think should
be retained from Einstein’s relativity) with succes-
sive improvements. One important landmark was
the formulation of a complete, relativistic MOND
theory by Jacob Bekenstein from the Hebrew Uni-
versity, building on ideas by Robert Sanders from
the University of Groningen. Recently, I proposed
a relativistic MOND theory based on other prin-
ciples (see below). Over the years, tens of re-
searchers all over the world, whose deserving work
cannot be described here, have contributed to the
development of MOND. To date, more than five
hundred scientific papers about MOND have been
published.
6. Deeper ramifications
Quantum theory and the theory of relativity
started their way as “phenomenological” theo-
ries: Their departure from the “classical” the-
ory stemmed from the need to explain phenomena
that remained unexplained by this theory. It has
turned out, in the end, that beside being a bet-
ter description of nature, these theories have ush-
ered in new and far reaching concepts, concepts
with no place in the older, “classical” world view.
Quantum theory has begot the notion of discrete-
ness of the possible states of a physical system
(for example, the energy levels of an atom), and
the uncertainty of the results of measurements, as
a built-in principle. The theory of relativity intro-
duced the relativity of length and time, and the
notion that the geometry of space-time varies ac-
cording to circumstances, and is not a rigid, given
arena for physics.
MOND is, today, in a stage where it mainly an-
swers a need to explain phenomena. But there are
strong indications that our understanding of the
theory now at hand is only the tip of an iceberg,
and that MOND’s foundations also rest on deeper
strata. One very interesting clue is provided by
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the numerical value of a0. As I noticed as soon
as MOND took shape, this constant–which can be
measured in different ways, based on the various
phenomena in which it plays a role–is close in its
value to some acceleration parameters that are sig-
nificant in the context of cosmology. For example,
a0 is near in value to the acceleration that charac-
terizes the accelerated expansion of the universe
(alluded to above, and whose standard explana-
tion is dark energy). It is also near in value to the
ratio of the speed of light and the age of the uni-
verse since the big bang (in other words, an object
accelerating with a0 from rest, will approach the
speed of light in the lifetime of the universe).
All this offers a possible clue to a tight connec-
tion between the “mass discrepancy” in galaxies,
and the “acceleration discrepancy” of the universe:
it points to the possibility that the conundrums
of the DM and the dark energy have a common
origin. More generally, this coincidence points to
the possibility that the global state of the uni-
verse enters and affects the dynamics in small sys-
tems, such as galaxies. Such a connection has no
room in the physics known to us. Another clue to
such a connection emerges from the existence of
symmetries that are common to certain versions
of MOND and to the universe at large.
Another tantalizing pointer, of possible far-
reaching implications, it raised by a relativistic
formulation of MOND that I proposed recently,
known as “bimetric MOND gravity (BIMOND)”.
According to this theory, we, and all that is within
our ken, live, in some sense, in one of two par-
allel worlds. (Parallel worlds have been invoked
in contexts such as the interpretation of quantum
physics, and a multi-universe picture; but here
the meaning is quite different.) When there is
complete symmetry between the two worlds (the
same matter content and distribution, the same in-
teractions between matter constituents, the same
starting condition) general relativity applies ex-
actly (with a “cosmological constant” component).
The departure from general relativity expressed in
MOND, stems from the interaction between the
two worlds, which arise locally as a result of devi-
ations from the symmetry (e.g., access of matter
in one world relative to the other).
7. A period of struggle
The struggle between the two paradigms for the
hegemony is, of course, mainly a matter for physi-
cists to deal with and settle. However, it also
opens a window for edifying observations, to those
interested in the history of science, and in the fac-
tors underlying the development of scientific the-
ories.
It is interesting to follow, for example, the dif-
ferent stages of rejection-acceptance of MOND
by the community, beginning with an almost to-
tal disregard, to its status today as the rebel-
lious contender, younger sister to the mainstream
paradigm.
It is also interesting to understand how such two
contrary paradigms are each supported by first-
rate scientists. After all, it appears that the same
facts are lain before all of them, and the same ar-
guments are known to all of them, and it is com-
mon knowledge that the scientific way is all based
on cold and rational weighing of the facts. How
then do different scientists arrive at so different
conclusions from the same given? The main rea-
son that such a state of things is possible is that
the two paradigms have successes, but they also
each have weaknesses, as each of the two performs
better for one class of systems and less for others.
For instance, MOND has unquestioned superi-
ority in describing galactic phenomena. As I said
above, MOND predicts, with great accuracy, the
motions observed in individual galaxies, and also
various general laws and regularities that charac-
terize the population of galaxies–a collection of
laws of galactic motions akin to Kepler’s laws for
planetary motions.
In contradistinction, the DM paradigm faces
difficulties in this quarter. Not only is its pre-
dictive power concerning individual galaxies much
inferior to that of MOND, some of the predictions
that it does make seem to be in direct conflict
with observations, and many attempts are made
to bridge such conflicts by postulating different
complicated scenarios, or even by inventing new
and sometimes additional types of DM.
To me, the most poignant problem with the DM
paradigm is that it does not predict, and is fun-
damentally incapable of predicting, for example,
the rotation curves of individual galaxies, or the
general rules I mentioned above. All these ob-
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served regularities, if we try to view them within
the DM paradigm, would reflect tight relations
between the luminous and dark matter in each
galaxy. This, however, is untenable: According to
this paradigm, a present-day galaxy is a product
of a very complex, random, and violent history,
involving collapse of gas clouds, their subsequent
random mergers and swallowing up of other struc-
tures, part or whole, supernova explosions that ex-
pel matter from the forming galaxy, etc., etc. The
luminous and dark matter, because of their very
different physical properties, are affected very dif-
ferently by these processes; so, the connection be-
tween these two components in the final product,
should, perforce, be very haphazard, contrary to
the tight regularities observed. The DM paradigm
will thus never be able to predict such a relation
in an individual galaxy, whose construction his-
tory is unknowable. And, the very existence of
tight regularities speaks against this scenario.
Many DM advocates say they hope to one day
be able to explain such regularities from the com-
plex formation scenarios. I find such hopes similar
to hoping that we will, one day, understand how
Kepler’s law, obeyed accurately by all planetary
systems, follow from the complex (and not yet un-
derstood) processes of formation of such systems.
A ludicrous hope (and not one entertained by any-
one I know), since we know that Kepler’s laws are
a result of laws of physics (Newton’s laws), and so
must hold in any planetary system, regardless of
the way it formed. This is also the nature of the
galactic laws according to MOND.
On the other hand, MOND itself does not fully
account for the mass discrepancy in clusters of
galaxies: A Newtonian analysis of the observations
points to a mass discrepancy of a factor of about
ten (the mass required is ten times the mass seen
in these clusters). Analysis according to MOND
reduces this discrepancy greatly, but still leaves a
clear discrepancy of about a factor of two. Sup-
porters of DM construe this as evidence that even
MOND still requires some DM. The truth is, how-
ever, that this remaining gap can be explained
without having to invoke a new kind of matter:
even a small fraction of the still hiding normal
matter, mentioned above, would suffice to explain
the remaining cluster discrepancy. Be that as it
may, DM advocates point to this as a weakness of
MOND.
In addition, MOND is not yet developed enough
to present a full and accurate picture of the cos-
mological evolution of the universe as a whole, and
the formation of structure in it. For this it is neces-
sary to have a fully acceptable relativistic version
of MOND, and an understanding of the connection
of MOND with cosmology. Despite much progress
in this vein, leading to several candidate relativis-
tic theories, there does remain much to be done in
this direction.
Add to these weaknesses of the two paradigms
the factors stemming from human nature, such as
preconceptions, interests, and variety in scientific
tastes–which all have a major role in shaping the
opinions of scientists–and we can understand how
the two conflicting paradigms can live side by side,
with the proponents of each pointing complacently
to the successes of their favorite, and disapprov-
ingly to the faults of its rival.
Such a state of things is typical of interim pe-
riods, and is exemplified by many episodes in the
history of science–the most famous perhaps be-
ing the century between Copernicus’ death and
Newton’s birth, when the two coexisting rival
world pictures were the Ptolemaic, geocentric, es-
tablished view, and the Copernican, heliocentric,
iconoclastic view.
Another interesting phenomenon, also typical
of such periods, is the appearance of hybrids of
the two main competing paradigms, in attempts
to enjoy the best of the two worlds. Such hybrids
are propelled not only by a scientific impetus; psy-
chologically, they also enable their supporters to
adopt the successes of the new paradigm, while
retaining their fidelity to the “old slipper” with
which they feel comfortable.
A well known example, of such hybrids, is Ty-
cho Brahe’s world picture, born in the days of the
struggle between Earth and the sun on the center
of the cosmos. This picture offers a compromise
between the two contenders: It proposes that all
the planets (excluding Earth) do revolve around
the sun, but the sun itself, together with this en-
tourage, revolves around the earth. This picture
had shared some of the successes of the Copernican
picture, yet kept Earth (and man) at the center of
the universe. This paradigm also permitted a lit-
eral construction of the biblical “Sun, stand still
over Giveon”, and so was more palatable for the
church.
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Similarly, there are today several suggestions to
marry MOND with DM. Historical precedents, to-
gether with my personal aversion to such hybrids–
which together with the best of the two worlds,
tend to carry also the worst–lead me to believe
that such chimeras will fall by the wayside.
8. In search of conclusive evidence
I am often ask what I think will eventually de-
cide the struggle. Will it be an experimentum
crucis, a crucial, single experiment or observation
leaving no room for doubt? I do not foresee a de-
cisive discovery that will fully convince one of the
camps in the right of the other, barring a convinc-
ing discovery of DM by one of the present or future
experiments that look for it on Earth.
For example, as I already mentioned, in the be-
ginning of last year a result was published that is
sharp and clear cut, that agrees precisely with a
prediction of MOND made thirty years ago, and
which is very difficult to understand in the context
of the DM paradigm (let alone predicted by this
paradigm). This finding is not inferior in its accu-
racy and ramifications to the measurement of the
bending of light rays by the sun’s gravity (in 1919),
which agreed with the prediction of general rela-
tivity, and greatly contributed to its acceptance.
Then too, it was possible, in principle, to explain
the observations as resulting from some refractive,
transparent matter around the sun, with just the
right properties to account for the observed bend-
ing. (I am not aware of actual attempts at such a
distorted explanation to try and save the conven-
tional theory, although then, like today, doubts
have been cast by detractors on the validity of the
observations themselves.) Indeed, in the MOND
camp this result is perceived as an almost decisive
evidence, but from the DM camp one hears mostly
“yes, but...”.
And so, as we well know human nature, I sup-
pose that the process of acceptance of MOND will
be gradual, if indeed it will win eventually. If more
and more time passes by, with no direct detection
of DM, we are bound to see a decline in the sup-
port for DM. In addition, if MOND continues to
show successes, the number of its supporters will
increase, at least from the ranks of the younger
researchers who join the research circle with few
preconceptions.
In any event, even before the struggle has been
decided, MOND has already proven itself an im-
portant and useful paradigm: It has lead to the
identification of new phenomenological laws in
the data forest, which only a scrutiny through
MOND glasses could reveal. For example, that
the galactic mass discrepancy sets in at acceler-
ations smaller than some critical value, and that
below this value the discrepancy increases in in-
verse proportion to the acceleration; for example,
the tight relation between the rotational speed at
the outskirts of a galaxy, and the galaxy’s total lu-
minous mass. And especially, MOND highlighted
the ubiquitous appearance of the constant a0 in
a variety of seemingly unrelated galactic phenom-
ena. The importance of a0 is a fait accomplis; it
is here to stay, be the results of the struggle what
they may.
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Fig. 3.— The rotation curve measured for the disc
galaxy NGC 1560 (the data points). The curve
predicted by Newtonian dynamics, based on the
luminous mass distribution, is shown by the blue
line, and that predicted by MOND from the same
mass distribution by the green line. Courtesy of
Stacy McGaugh.
Fig. 4.— The observed relation between the limit-
ing rotational speed of galaxies, Vf , and their total
luminous mass,Mb (every point, with its indicated
measurement errors, represents one galaxy). The
(yellow) band shows the absolute MOND predic-
tion (its width corresponds to the uncertainty in
a0). Courtesy of Stacy McGaugh.
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